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High-quality entangled photon pairs generated via spontaneous parametric down-conversion have
made great contributions to the modern quantum information science and the fundamental tests of
quantum mechanics. However, the quality of the entangled states decreases sharply when moving
from biphoton to multiphoton experiments, mainly due to the lack of interactions between photons.
Here, for the first time, we generate a four-photon Greenberger-Horne-Zeilinger state with a fidelity
of 98%, which is even comparable to the best fidelity of biphoton entangled states. Thus, it enables us
to demonstrate an ultrahigh-fidelity entanglement swapping—the key ingredient in various quantum
information tasks. Our results push the fidelity of multiphoton entanglement generation to a new
level and would be useful in some demanding tasks, e.g., we successfully demonstrate the genuine
multipartite nonlocality of the observed state in the nonsignaling scenario by violating a novel
Hardy-like inequality, which requires very high state-fidelity.
I. INTRODUCTION
Photons are promising candidates for quantum infor-
mation processing [1], due to their weak interaction to en-
vironment and easy single-qubit operations. In photonic
quantum information processing, preparing high-quality
entangled states of photons plays a key role. The rea-
son is that photons lack of interactions, while photonic
quantum information protocols usually can be realized
with off-line-generated entangled photons, such as the
one-way quantum computation [2, 3], and the quantum
teleportation [4]. Today, biphoton entanglement genera-
tion has become general in laboratory. The most conve-
nient way arises from the spontaneous parametric down-
conversion (SPDC) processes in nonlinear crystals. Ex-
tremely high-fidelity biphoton Bell states have been pre-
pared via SPDC processes recently [5, 6] (up to 99.9% in
Ref. [5]). Also, high-quality entangled photon pairs have
been used for the loophole-free test of local realism [7, 8].
However, the state fidelity of three or more entan-
gled photons is still at a much lower level [9–11], mainly
due to the difficulty of entangling photons from indepen-
dent sources. Entangling independent photons is also
the key ingredient in various quantum information tasks,
such as entanglement swapping [12] and teleportation.
Thus, moving from biphoton to multiphoton entangle-
ment means much more than a simple expansion.
In this paper, we experimentally generate an ultrahigh-
fidelity four-photon Greenberger-Horne-Zeilinger (GHZ)
state, with only 20 mW pump power, using our new
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“sandwichlike” Einstein-Podolsky-Rosen (EPR) source
[13]. This EPR source is based on the beamlike type-
II phase matching [14, 15], and is rather suitable for
multiphoton entanglement generation. It achieves high
brightness, high fidelity and high collection efficiency
at the same time. The high collection efficiency and
high-fidelity enables high-performance multiphoton ex-
periments. And the high brightness greatly reduces
the power requirement for the pump laser employed in
multiphoton experiments. With the high-fidelity GHZ
state, we further demonstrate a high-performance entan-
glement swapping operation. We also test a demanding
Hardy-like inequality in the nonsignaling senario, which
can detect genuine n-partite nonlocality using only 2n lo-
cal measurement settings, but require rather high state
fidelity.
II. GENERATION OF THE FOUR PHOTON
GHZ STATE.
SPDC in nonlinear crystals provides a convenient way
to produce entangled photon pairs. According to the
phase-matching type, there are two kinds of widely used
entanglement sources. The type-I entanglement source
[16] uses a two-crystal geometry (closely placed, rela-
tively thin, identically cut). The down-converted pho-
tons from the two crystals almost emit as one cone cen-
tered at the pump beam due to the small thicknesses
of the two crystals. The optic axes of the two crys-
tals lie in the vertical and horizontal plane, respectively.
So, a 45◦-polarized photon in the pump laser will be
down-converted equally in either crystal. And the down-
converted photon pairs from different crystals have or-
thogonal polarizations. When choosing two emitting di-
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FIG. 1. Experimental setup for our “sandwichlike” EPR
source. The thicknesses of the LiNbO3 crystals are differ-
ent in the two paths, which is due to the walk-off effect of the
pump beam and the down-converted beams in the BBO crys-
tals. The half-wave plates (HWPs) before the fiber couplers
are used for polarization alignment.
rections from the cone symmetrically (about the pump
beam), the collected photon pairs are in the polariza-
tion entangled state. In the type-II entanglement source
[17], the down-converted photons emit into two crossed
cones, and have orthogonal polarizations. So, when pho-
ton pairs are collected along the two intersecting direc-
tions, they are in the Bell state. However, in both cases,
most of the down-conversion fields are wasted, so the
brightness of these sources are greatly limited.
To overcome this shortcoming, the beamlike type-II
phase matching is designed and implemented [14, 15], in
which the down-conversion fields shrink into two separate
beams. This is accomplished by decreasing the phase-
matching angle from the situation of two crossed cones.
Each beam has a Gaussian-like intensity distribution and
a small divergence angle, thus all down-conversion fields
can be easily collected. With a two-crystal geometry,
beamlike entangled photon pairs source has been de-
signed [18] and implemented [19]. In a most recent work
[13], we further design and implement a new “sandwich-
like” EPR source (see Appendix) under the beamlike
phase matching condition. The key idea is to make all
ordinary (o) photons emitting in one path, while all ex-
traordinary (e) photons emitting in the other path, as
shown in Fig. 1. And the nonlinear crystals used for
SPDC processes here are β-barium borate (BBO) crys-
tals. Due to the high brightness and high quality of this
source, we choose it to generate our four-photon GHZ
state.
Next, we show how to prepare the high-fidelity four-
photon GHZ state from two sandwichlike EPR sources.
The key requirement is the ability to entangle photons
from independent sources. Due to the lack of interac-
tion between photons, the general method is using the
measurement induced nonlinearity [20], e.g., using a pro-
jection operator to project the product state onto the
entangled state with a certain probability. The seminal
work [21] gives us a feasible scheme to make it into prac-
tice. The key idea is to use pulsed pump laser and rel-
atively narrow-band filters for interfering photons. Here
we follow their scheme.
The experimental setup is shown in Fig. 2. The ultra-
violet pump laser for each EPR source is generated in the
same way as described in the Appendix, except that we
tune the pulse duration of the mode-locked Ti:Sapphire
laser to 90 fs for better multiphoton interference visibil-
ity. And two sandwichlike BBO strategies are employed
to generate the entangled photon pairs 1, 2 and 3, 4.
Thus the input state is
|ψin〉 = 1
2
(|HH〉+ |V V 〉)12 ⊗ (|HH〉+ |V V 〉)34 (1)
Here, |H〉 (|V 〉) denotes the horizontal (vertical) polar-
ization state of the photons. All photons are coupled
into single-mode fibers for spatial filtering. The two e-
photons (2 and 3) are directed to the PBS for the Hong-
Ou-Mandel (HOM) interference. The PBS acts as a par-
ity check gate (|HH〉〈HH| + |V V 〉〈V V |), such that the
two interfering photons can emit into two different out-
put ports only if they have the same polarization. Thus,
when we postselect the cases that there is one and only
one photon in each output port (1, 2′, 3′, 4), the in-
put state is projected onto the four-photon GHZ state
|G4〉 = 1√2
(|H〉⊗4 + |V 〉⊗4). Then, each photon passes
through a narrow-band filter for spectral filtering. Here,
to achieve a good trade-off between better collection ef-
ficiency and higher multiphoton interference visibility,
we choose 2 nm and 3 nm FWHM filters for e- and o-
photons, respectively.
To characterize the observed state, we use both the
entanglement witness and quantum state tomography
(QST). In the measurement part, each photon is de-
tected by a polarization analyzing system (PAS), which
can measure it in any desired polarization basis with a
high alignment accuracy. The entanglement witness for
the four-photon GHZ state [22] is
WG4 =
I
2
− |G4〉〈G4| = I
2
− 1
2
A− 1
4
3∑
k=0
(−1)kMk (2)
where A = |H〉⊗4〈H|⊗4 + |V 〉⊗4〈V |⊗4 and Mk =
[cos(kpi4 )σx + sin(
kpi
4 )σy]
⊗4, (k = 0, 1, 2, 3) are local mea-
surement operators. In order to suppress the higher-
order photon pair emission noise, we use a very low
pump power of 20 mW and still obtain a moderate four-
fold coincidence counting rate of 0.42 per second. The
measurement result is shown in Fig. 3, which yields
〈WG4〉 = −0.4810± 0.0023, thus the state fidelity can be
deduced as F = Tr(|G4〉 〈G4| ρexp) = 12−Tr(WG4ρexp) =
0.9810 ± 0.0023, where ρexp is the density matrix of the
experimentally prepared state. On the other hand, we
use the over-complete QST [23, 24] to estimate the ob-
served state, which needs 81 joint measurement settings.
The total measurement time is over 6 hours. Then we
use the maximum likelihood approach to reconstruct the
density matrix ρexp. Figure 4 shows the real and imagi-
nary parts of ρexp. The state fidelity is calculated to be
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FIG. 2. Experimental setup to generate the four-photon GHZ
state. The abbreviations of the components are HWP, half-
wave plate; QWP, quarter-wave plate; IF, interference filter;
PBS, polarizing beam splitter; PAS, polarization analyzing
system; APD, avalanche photodiode detector. The two EPR
sources generated two pairs of entangled photons 1, 2 and 3,
4. The HWPs after the fiber couplers are used for polarization
alignment. The two e-photons are directed to overlap on the
central PBS, which can project the input state onto the four-
photon GHZ state. One of the fiber couplers is mounted on
a translation stage to finely adjust the arriving time of the
interfering photons. The tiltable QWP after the PBS is used
for tuning the relative phase between the two terms in the
GHZ state. Each photon passes though a narrow-band filter
for spectral selection and then enters the final PAS. The inset
shows the details of the PAS, which consists of one motorized
QWP, one motorized HWP, one PBS and two APDs.
F = 〈G4|ρexp|G4〉 = 0.9794 ± 0.0040, which agrees with
the above result very well.
III. ENTANGLEMENT SWAPPING WITH THE
SANDWICHLIKE EPR SOURCE.
Our setup can also be used to demonstrate entangle-
ment swapping, the realization of which has rather pro-
found implications. First, it is the key process in the
quantum repeater [25], which requires exchanging en-
tanglement between different photon pairs. Second, in
the distributed quantum computation [26], entanglement
swapping allows us to connect distant nodes of a large
network. Furthermore, it can also be viewed as telepor-
tation of a genuinely unknown state [4].
The principle of entanglement swapping can be under-
stood by rewriting the product state in Eq. (1) in the
following way
|ψin〉 = 1
2
(|ψ+〉14|ψ+〉23 + |ψ−〉14|ψ−〉23
+|φ+〉14|φ+〉23 + |φ−〉14|φ−〉23) (3)
where |ψ±〉 = 1√
2
(|HV 〉 ± |V H〉), |φ±〉 = 1√
2
(|HH〉 ±
|V V 〉) are Bell states. When we project the two indepen-
dent photons 2 and 3 onto one of the four Bell states, the
other two photons 1 and 4 will simultaneously collapse to
the same Bell state, although they have never been able
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FIG. 3. Measurement result of the witness. (a) Fourfold
coincidence counts measured in the H/V basis. The data
collection time is 10,000 s. The expectation value of A is just
equal to the proportion of the two correct terms, which is
0.9897±0.0015. (b) The expectation values ofMk, which yield
an average value of 1
4
∑3
k=0(−1)k〈Mk〉 = 0.9722±0.0041. The
data collection time is 2000 s for each measurement settings.
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FIG. 4. The real (left) and imaginary (right) parts of the
density matrix ρexp, which is reconstructed by the maximum
likelihood method from the recorded data. The height of the
largest incorrect bar in the two pictures is only 0.03.
to interact with each other. In practice, the Bell state
measurement can be realized by a PBS with two PASs
in the output ports. The PASs are set to measure po-
larizations in the +/− basis. For |φ+〉, the measurement
result will be |+ +〉 or | −−〉; for |φ−〉, the measurement
result will be | + −〉 or | − +〉. For |ψ+〉 and |ψ−〉, the
two photons end up at the same detector and with iden-
tical polarizations due to the HOM interference. Thus,
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FIG. 5. Real (left) and imaginary (right) parts of the recon-
structed density matrix of photons 1, 4. (a), (b) The state of
photons 2, 3 are projected on |φ+〉, the fidelity of the state of
photons 1, 4 corresponding to |φ+〉 is 0.979 ± 0.012. (c), (d)
The photons 2 and 3 are projected on |φ−〉, the fidelity of the
state of photons 1, 4 corresponding to |φ−〉 is 0.975± 0.016.
we can only discriminate |φ+〉 and |φ−〉 here. If we want
to discriminate the other two Bell states, we can insert
a 45◦ half-wave plate (HWP) in one of the input port of
the PBS.
Since we have used the over-complete set of bases in
QST to characterize the GHZ state as described here-
inbefore, we can also use these data to demonstrate en-
tanglement swapping, e.g., by picking out the data that
photons 2 and 3 are measured in the +/- basis. Fig-
ure 5 shows the tomographic result for photons 1 and
4 when the photons 2 and 3 are projected onto |φ+〉 or
|φ−〉. We can calculate the average swapping fidelity to
be 0.977±0.01, which, to our best knowledge, is the high-
est value ever reported. Here we just assume that the
input EPR states are perfect, and calculate the fidelity
between the state of photons 1, 4 and the corresponding
Bell state.
IV. TESTING THE HARDY-LIKE
INEQUALITY.
High-fidelity multipartite entangled states are not only
important for various quantum information protocols,
but also useful in the fundamental test of quantum me-
chanics. Here, using the observed four-photon GHZ
state, we experimentally test a novel Hardy-like inequal-
TABLE I. Measurement results of the Hardy-like inequality.
The middle column lists the theoretical expectation values of
the ideal GHZ state, for each measurement setting. In order
to obtain a small error bar, the data collection time is 8 hours
for each of the first two settings and 4 hours for each of the
other settings, and we get totally 58,000 fourfold coincidence
counts. The final result shows a violation of the inequality
by more than 4 standard deviations. Note that all the raw
data in each measurement settings have been corrected for the
different detection efficiencies of the two APDs in each PAS.
The error bars are deduced from the raw data and poisson
counting statistics.
Settings Theory Experiment
〈a1aaa〉 0.0479 0.0501± 0.0020
〈b1aaa〉 0.0131 0.0160± 0.0012
〈a1baa〉 0.0029 0.0035± 0.0008
〈a1aba〉 0.0029 0.0048± 0.0009
〈a1aab〉 0.0029 0.0037± 0.0008
〈b1baa〉 0.0018 0.0044± 0.0009
〈b1aba〉 0.0018 0.0025± 0.0007
〈b1aab〉 0.0018 0.0014± 0.0005
I 0.0209 0.0138± 0.0030
ity introduced in [27], which can detect genuine multi-
partite nonlocality in the nonsignaling scenario. The in-
equality has some significant features. First, compared
with the standard Svetlichny inequality [28], it needs only
2n joint measurement settings for n parties, which re-
duces much experimental effort (the Svetlichny inequal-
ity requires 2n joint measurement settings). Second, it
can prove that all entangled permutation symmetric pure
states are genuine multipartite nonlocal. In the follow-
ing, we can see that a high state-fidelity is necessary to
violate the inequality.
For n = 4 case, the inequality has the following form:
I = 〈a1a2a3a4〉 − 〈b1a2a3a4〉 − 〈a1b2a3a4〉
− 〈a1a2b3a4〉 − 〈a1a2a3b4〉 − 〈b1b2a3a4〉
− 〈b1a2b3a4〉 − 〈b1a2a3b4〉 ≤ 0. (4)
Here ai and bi are binary valued observables (with out-
comes 0 and 1) for the i-th party, and bi = 1 − bi has
opposite outcomes compared with bi. In our case, to
demonstrate the genuine multipartite nonlocality of the
GHZ state by violating this inequality, we need to find
suitable dichotomous projection operators ai and bi for
the i-th party, and bi is orthogonal to bi (bi = I− bi). To
do this, we look for the projection measurements by nu-
merical search. For simplicity, we confine all the projec-
tion measurements in the X-Z plane of the Bloch Sphere
and assume a2 = a3 = a4 = a, b2 = b3 = b4 = b due to
the symmetry of the inequality. The projection angles of
the operators are
α1 = 2.52
◦, α = 48.47◦, β1 = 163.70◦, β = 83.30◦,
e.g., a1 = |α1〉〈α1| and |α1〉 = cosα1|0〉 + sinα1|1〉. Us-
ing such measurement settings, we can calculate that the
5fidelity of the four-photon GHZ state should be higher
than 95% in order to violate the inequality, assuming
the noise to be white noise. The measurement result is
shown in Table I. The overall data collection time is over
40 hours. Our result shows a violation of the inequality
by more than 4 standard deviations, which demonstrates
the genuine multipartite nonlocality of the observed state
using only 8 joint measurement settings.
V. CONCLUSION
There are three main imperfections in our system
which limit the quality of the observed GHZ state. One
is the imperfection of our EPR source, the fidelity of
which is about 0.99. The second is the higher-order pho-
ton pairs emission noise in the SPDC process, which can
be characterized by the measurement in the H/V basis
(Fig. 3(a)), because this measurement has nothing to
do with the interference visibilities in our system, either
the HOM interference or the biphoton entanglement in-
terference. By using a rather low pump power (20 mW)
to generate the GHZ state, the error rate of the H/V
measurement is reduced to 1%. Note that all polariza-
tion elements in our system (including PBSs, wave plates,
polarization-maintaining of the fibers, etc.) have rather
high extinction ratios (> 1000 : 1), which is negligible
comparing with other noises. The last noise is the distin-
guishability between two independent photons, especially
the temporal mismatch induced by the pump pulse du-
ration. As depicted in [21], the time jitter of the interfer-
ing photons should be much shorter than their coherence
length, which can be easily understood because the larger
the overlapped area of the photon wave packets is, the
higher interference visibility we will observe. In order to
increase the visibility, on one hand, we use narrow-band
filters (2 nm) to stretch the coherence length of the inter-
fering photons; on the other hand, we finely adjust the
mode-locked laser to minimize the pump pulse duration
to 90 fs. With these measures, we observe a four-photon
HOM interference with a visibility of 97.5%.
In summary, we experimentally generate an ultrahigh-
fidelity four-photon GHZ state, and demonstrate a high
performance entanglement swapping operation with the
same setup. We further demonstrate the genuine multi-
partite nonlocality of the GHZ state in the nonsignaling
senario, by testing a hard-to-violate Hardy-like inequal-
ity. These results greatly reduce the large fidelity-gap be-
tween previous biphoton and multiphoton experiments.
Our setup would also be useful in implementing other
multi-particle quantum information tasks with high qual-
ity.
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Appendix
Here we show how to build up the sandwichlike EPR
source. This new EPR source has a sandwichlike struc-
ture: two beamlike-phase-matching type-II BBO crystals
with a true-zero-order half-wave plate (THWP) between
them. The two BBO crystals have the same cutting
angles for beamlike SPDC emission and are placed in
the same way, so they both produce the product state
|H〉|V 〉. The THWP in the middle works at the wave-
length of the down-conversion photons and is rotated
to 45◦, so the polarization states of the idler and sig-
nal photons from the first BBO are exchanged through
it. When the two possible ways of generating photon
pairs (through the first or the second BBO) are further
made indistinguishable by spatial and temporal compen-
sations, the photon pairs are prepared in the polariza-
tion entangled state 1√
2
(|H〉|V 〉 − |V 〉|H〉). The main
advantage of the sandwichlike structure compared to the
previous beamlike source [19] is that the photons in the
same path have the same ordinary (extraordinary) spec-
tral property. Thus it has the same spirit with the “en-
tanglement concentration” scheme [29], which can erase
the additional timing information presented in the ul-
trafast pump pulse and lead to an entanglement source
independent of spectral filtering, crystal thickness, and
pump bandwidth. Furthermore, our source doesn’t need
the HOM interferometer, which is critical in the original
concentration scheme.
The experimental setup of the sandwichlike source
is shown in Fig. 1. The pump laser comes from
the second-harmonic generation (SHG) of a mode-locked
Ti:Sapphire laser (with a duration of 140 fs, a repetition
rate of 76MHz, and a central wavelength of 780 nm),
which is not shown in Fig. 1, for simplicity. The SHG is
done by focusing the 780 nm Ti:Sapphire laser beam onto
a 1.5-mm-thick type-I collinear phase-matching BBO
crystal, with a 150-mm-focal-length plano-convex lens.
The generated 390 nm laser beam is then collimated by
a plano-convex lens with 75 mm focal length. The lens
L1 of 150 mm focal length is used to focus the colli-
mated pump beam onto the sandwichlike strategy for
down-conversion. The two BBO crystals are both 1-mm-
thick and cut at θ = 42.62◦, φ = 30◦. The THWP is
inserted between the two BBOs, and sticked with them,
using very thin (0.05 mm±0.02 mm thick) and narrow
glass stripes and optic glue between them. The glass
stripes (together with optic glue) are placed along the
edges of the BBO, i.e., outside their clear aperture, to
avoid optical damage by strong ultraviolet pump laser.
6Finally, the gap between the THWP and each BBO is
estimated to be in the range from 0.04 mm to 0.08 mm,
due to the uncertain thickness of the optical glue. The
two L2 lenses of 125 mm focal length are used to colli-
mate the down-converted beams. Note that the optimal
collimating positions of the L2 lenses are not the same for
the two BBO crystals due to the gap between them. To
make the gap as small as possible we use the THWP and
bound the three crystals together with very thin glass
stripes, which can benefit the collection efficiency. Even
with these measures, the difference positions for L2 still
exist and in general we choose the intermediate position,
which will lead to a 2% ∼ 3% decrease of the collection
efficiency for both BBO crystals. The down-converted
photons are finally coupled into single-mode fibers with
aspheric lenses (Thorlabs, model: F220FC-B). The cou-
pling efficiency is about 2/3 in our system, and the total
photon pair collection efficiency is 29%, when 3 nm and 8
nm FWHM filters are used for e- and o-photons respec-
tively. The different filtering bandwidths for e- and o-
photons are due to the asymmetric generation bandwidth
of them. The 3 nm bandwidth is the usually chosen band-
width for multi-photon interferences. And we determine
the 8 nm bandwidth by combining two different band-
pass filters (Semrock, LD01-785/10 and TBP01-800/12)
and tilting them to form a bandwidth-tunable filter, then
watching the corresponding collection efficiency to get a
best value.
Compared with the traditional type-I and type-II en-
tanglement sources, the only additional requirement of
our source is the spatial compensation, which is realized
by two LiNbO3 crystals. They are cut with the optic axes
lying in the horizontal plane and being 45◦ away from the
incident beam, thus working as a beam-displacer. The
thicknesses of them are 1 mm and 3.2 mm for o- and
e-photons, respectively. To check whether the compen-
sation is accomplished, we can translate the fiber coupler
(together with the fiber) along the horizontal direction
perpendicular to the incident down-converted beams, to
see whether there is only one peak value of the collected
photon counting rates. We can also use this method to
determine the thickness of the LiNbO3 crystal, because
the translation distance is proportional to the thickness
of the crystal when the lenses are removed. Note that
the LiNbO3 crystals should be placed before the colli-
mating lenses L2. We use YVO4 crystals for temporal
compensations. The thicknesses are 0.6 mm and 0.42
mm for o- and e-photons respectively. In practice, due to
the standard errors of thicknesses and distances in man-
ufacturing the sandwichlike structures, the thicknesses of
the YVO4 crystals may be slightly different in different
cases. But the biggest differences we observed are only
about 0.03 mm, which corresponds to a 8λ-order quartz
compensation plate (λ =780 nm).
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